Phase separation of seawater is an important process controlling the dynamics and chemistry of hydrothermal circulation. We numerically investigate hydrothermal circulation in porous media, including phase separation of seawater. Seawater enters the crust at the seafloor, is heated at depth, and returns to the seafloor as hydrothermal fluids. The seafloor and the bottom of the calculation region are set at depths of 2500 m and 4000 m from the sea surface, respectively. The temperature at the base of the calculation region is set at 600
Introduction
Around mid-ocean ridges, seawater sinks through cracks of oceanic crusts and flows out near the crests, being driven by the heat of underlying cooling magma chambers. The outflowing hot water forms spectacular black smoker vents in some places. The flow is called mid-ocean ridge hydrothermal circulation (e.g. Kelley et al., 2002) . The circulation plays a major role in heat transport at ridge areas. Moreover, it nourishes deep-sea biotic communities, and causes hydrothermal alterations, which are commonly found in ophiolites. All of these phenomena are influenced by the dynamics of the circulation. For example, ecosystems are controlled by the temperature and composition of the fluids, which result from heat transport and chemical reactions, which are in turn determined by the circulation structure.
The numerical simulation is a powerful tool for investigating such complex phenomena. Many simulations have been carried out for the systems which are basically thermal convection in porous media. Early simulations used the properties of pure water (e.g. Fehn et al., 1983; Travis et al., 1991) for hydrothermal fluids. Effects of more realistic material properties of hydrothermal fluids have been investigated recently. Wilcock (1998) used temperature-and pressure-dependent properties of seawater to investigate the temperature of the discharging fluid. These properties of Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-PUB.
seawater, especially its critical properties, give rise to the focusing of upwelling. He showed that the temperature of the discharging fluid is about half of the bottom temperature. The calculated venting temperature is reasonably close to observed temperatures of black smokers, 320-380
• C. He however noted that the temperature is sensitive to the permeability structure. Jupp and Schultz (2000) used the equation of state of pure water to investigate the effect of anomalous physical properties of water near its critical point, 374
• C, on the temperature of black smokers. They used numerical simulations to demonstrate that thermal plumes tend to form at temperatures of about 400
• C, which is close to the critical temperature, where physical properties show anomalous behavior.
Phase separation of seawater is another factor that has profound influence on the physical properties of hydrothermal fluids, and it has been considered to be a major controlling factor of the circulation structure (Bischoff and Rosenbauer, 1989) . It is particularly important around ridge axes, where the underlying magma chamber heats seawater above the critical point. The phase separation generates fluids with Cl − concentrations both higher and lower than that of seawater, and leads to the change of Cl − concentrations of hydrothermal vent fluids. The evidence of phase separation comes from both the chemical compositions of mid-ocean ridge fluids and fluid inclusions in ophiolites.
The diversity of Cl − concentrations of hydrothermal vent water (e.g. Von Damm, 1995 Anderko and Pitzer (1993) . The vertical axis is the temperature in Celsius degree, and the horizontal axis is the logarithm of the NaCl concentration in wt%. The solid curves show the NaCl concentrations of the liquid-like phase, and the dotted curves show those of the vapor-like phase at various pressures. The numbers on the curves are the pressures in MPa. The stars represent the critical points for those pressures. The fluid below these critical temperatures is one-phase. The vertical dashed line shows the NaCl concentration of seawater. The open squares show the halite-liquid-vapor triple point for pressures of 25, 30, and 35 MPa (Palliser and McKibbin, 1998a) . The triple point does not exist for 40 MPa. Halite-saturation curves are not shown since they are not relevant in this study.
to 6 wt%, whereas seawater has a NaCl concentration of 3.2 wt%. There are two possible mechanisms that can give rise to the variation: phase separation and water-rock reactions. Phase separation is considered to be dominant because no water-rock reactions are known to be effective in changing Cl − concentrations (Bischoff and Rosenbauer, 1989) . Moreover, the linear relationship between observed Cl and Br concentrations supports the phase separation mechanism, because Br and Cl behave in a similar way upon phase separation (Berndt and Seyfried, 1990) , and that Br would be excluded from the most probable Cl-bearing phase Fe 2 (OH) 3 Cl that can give rise to observed Cl variations.
Fluid inclusions in ophiolites also support the presence of phase separation in hydrothermal systems. According to the compilation of Kelley et al. (1992) (their figure 1), fluid inclusions are grouped into two distinct clusters, one having salinities below 20 wt% NaCl equivalent (mostly below 10 wt%), and the other having salinities above 30 wt% NaCl equivalent. The high-salinity group has trapping temperatures above 400
• C. This is consistent with the phase diagram of the NaCl-H 2 O system ( Fig. 1) , because the phase separation of seawater, which is essential in producing brine, occurs at temperatures above 400
• C when the pressure is above 250 bar. Fluid inclusions with lower trapping temperatures have low salinities, and most low-salinity inclusions have trapping temperatures below 400
• C. Assuming temperature increases with depth, the above result indicates the existence of twolayer hydrothermal circulation with a low-salinity layer overlying a brine layer, as suggested by Bischoff and Rosenbauer (1989) .
The importance of phase separation has led some researchers to extend their numerical simulations to include its effect, though its treatment is not complete so far because of various numerical difficulties. Two types of models have been used to incorporate the effect of phase separation: two-dimensional convection in porous media, and one-dimensional pipe flow.
The two-dimensional convection simulation is a powerful tool for illustrating underground flow, but phase separation effect is not fully included so far. calculated the depletion of the bottom brine layer of twolayer convection as envisaged by Bischoff and Rosenbauer (1989) . They modeled the convection just after the fluid becomes one-phase due to the decline of the heat source. They prescribed NaCl concentration contrasts between the upper and lower layers, and investigated how the lower layer breaks down. They found two mechanisms for the breakdown of the bottom layer: convective breakdown and interface migration. Lowell and Xu (2000) examined the time evolution of hydrothermal circulation when a dike intrudes. They used a phase diagram which includes two-phase separation. One of their results is concerned with NaCl concentrations of hydrothermal fluids at the seafloor. The vent fluid is dilute at first because seawater vaporizes. After about a month, the two-phase region disappears and the NaCl concentration of the vent fluid returns to that of seawater. However, transport of salt is not explicitly treated in their calculation.
One-dimensional pipe models have been used in some studies because phase separation is difficult to treat in the calculation of convection. The idea is to simplify the dynamics and focus on the effect of phase separation. Lowell and Germanovich (1997) treated time-dependent behavior of a brine layer by one-dimensional modeling. They described a rough picture of the evolution, by estimating the timescales of generation and depletion of the brine layer. Bai et al. (2003) were the first to calculate phase separation process in a heat-pipe model. They numerically calculated how phase separation proceeds to develop a brine layer. Their results are closely related to our one-dimensional analysis in Section 5, where we give more detailed explanation of salinity distribution than theirs.
Our work is of the first type, namely, two-dimensional numerical simulations of thermal convection in porous media, and we include the effect of phase separation in a consistent manner, including the transport of salt and the conservation of its total mass. The purposes of this work are to reveal the flow structure of hydrothermal circulation undergoing phase separation, to clarify the physical mechanism of the structure formation, and to identify key quantities which are essential to the structure. For those purposes, we carry out simulations of convection driven by the heat conducted from the underlying magma chamber, including supercritical phase separation of NaCl-H 2 O two-component system. We carry out detailed analyses of the sensitivity to relevant parameters to identify key parameters.
We calculate steady-state solutions as a first step to investigate this complex process of convection with phase separa-tion. The meaning of the word "steady" is twofold. One is that transient phenomena, for example, caused by intrusion of magma, are not treated in this study. The other is that flow is not turbulent because we use relatively low Rayleigh numbers to ensure numerical reliability of the results as explained in Section 3. Therefore some caution must be exercised when we compare our results with real systems. For the first meaning of steadiness, we envisage fast spreading ridges, where magma chambers exist continuously along the ridge axis and continuously in time (e.g. Sinton and Detrick, 1992) . Some vents at these ridges emit high chlorinity fluids stably for over a decade (e.g. Von Damm, 1995) , and this shows that stable conditions do exist at some sites. For the second meaning of steadiness, if the Rayleigh numbers at the ridge axis area are high, the convection should be highly time-dependent (e.g. Schoofs et al., 1999; Schoofs and Spera, 2003) . For high Rayleigh number conditions, our results may be considered as a metaphor to real systems, if our low Rayleigh number results can be interpreted as a statistical mean, as in eddy diffusivity formulation of the theory of turbulence. Our detailed analyses allow us to interpret observations at least qualitatively. The temperature and NaCl concentration of hydrothermal fluids at the seafloor are of interest in relation to observations, and discussions will be given on what we can infer about the circulation structure and phase separation from their observations. This paper is structured as follows. In Section 2, we derive governing equations for two-phase two-component flow in porous media and the appropriate boundary conditions. Section 3 describes the framework of the numerical calculation and the adopted values of the physical parameters. The results of the two-dimensional numerical calculations are shown in Section 4. Section 5 presents a one-dimensional analysis, which provides a better understanding of the structure of the two-phase region. We discuss the relationship of our results with real systems in Section 6, and concluding remarks follow in Section 7.
Equations and Boundary Conditions

Governing equations
We derive the equations for two-phase two-component flow in porous media. The two phases are the vapor and liquid phases of the NaCl-H 2 O two-component system. The basic equations consist of four conservation equations (mass, momentum, energy, NaCl concentration), a constitutive equation (the relative velocity between the two phases), the equation of state (density of the liquid and vapor phases) and the phase diagram (liquid-vapor co-existing curve) of the NaCl-H 2 O system.
We use simplified conservation equations, which are derived in the following way. First, we write conservation equations of a conservative quantity for the relevant phases (the liquid, vapor, and rock matrix for the energy equation, the liquid and vapor for other equations). Second, we add the equations for these phases to obtain an equation for the mixture. The mixture equation is convenient when we treat both one-phase and two-phase regions, because we can use the same equation for both regions. The basic idea of this approach is the same as that of the diffusion model approach for two-phase fluid often used in engineering problems (e.g. Ishii, 1975 ) (see Section 2.1.2). Third, the Boussinesq approximation is applied to the resulting equation for simplicity; we use the equation of state described in Section 2.1.6 for the density variation of the buoyancy term, and treat the densities in the other terms as a constant. We apply the Boussinesq approximation to the equations because we intend to single out the effect of the relative separation between the liquid and vapor phases. The Boussinesq approximation is sufficient for obtaining a qualitative picture of thermal convection, when the role of sound waves is not important. Fourth, other approximations are applied. The temperature and pressure dependence of the other material properties (viscosity, thermal conductivity, heat capacity, and diffusion coefficient of NaCl), and the latent heat of condensation are neglected. We treat the porosity and permeability as constants. We use a simple hydrostatic relationship for the pressure in the calculations of the equation of state and the phase diagram of the two-phase fluid. The justification of each approximation is discussed in the following subsections.
Mass conservation
The mass conservation equation for the liquid phase is written as
and that for the vapor phase is written as
where t is time, φ is the porosity, ψ l is the volume fraction of the liquid phase, v l is the velocity of the liquid phase, v v is the velocity of the vapor phase, ρ l is the density of the liquid phase, ρ v is the density of the vapor phase, and denotes the mass production term representing the phase change from vapor to liquid. Note that the velocities and the Darcy fluxes are related as
where Q l is the Darcy flux of the liquid phase, and Q v is that of the vapor phase (e.g. Bear, 1988) . The mixture equation is obtained by adding equations (1) and (2) as
where v is the local center-of-mass velocity defined as
and the mean density of the fluid ρ f is defined as
Here ω l is the mass fraction of the liquid phase. Note that the liquid mass fraction ω l and the liquid volume fraction ψ l are related as
With the Boussinesq approximation and constant porosity, the mass conservation equation (3) is simplified to
Momentum conservation
To derive momentum equations, we use the idea of the diffusion model approach often used in engineering problems (e.g. Ishii, 1975) , instead of using the relative permeability model often used in ground water or hydrothermal problems. We start with the momentum conservation equation for each phase. The momentum conservation equation for the liquid phase is written as
and the equation for the vapor phase is written as
where p is the pressure, g is the gravitational acceleration (whose direction is downward), µ l is the viscosity of the liquid phase, µ v is the viscosity of the vapor phase, K l is the permeability of the liquid phase, K v is the permeability of the vapor phase, and L 0 denotes the friction coefficient between the two phases. In these equations, we assume that the pressures of the liquid and the vapor are the same at the same macroscopic point. The first term of the liquid phase equation (8) is the force which results from the pressure gradient of the liquid phase, the second term is the gravitational body force on the liquid phase, the third term is the drag between the liquid and the rock matrix, and the fourth term is the resistance between the liquid and vapor. Each term of the vapor phase equation (9) has a meaning similar to the corresponding term in the liquid phase equation (8) . Note that the fourth terms of these equations should have the same magnitude with the opposite sign, because of the law of action and reaction.
The momentum conservation equations (8), (9) have a form different from the commonly accepted Darcy's law which makes use of the notion of the relative permeability (e.g. Bear, 1988; Lowell, 1991; Nield and Bejan, 1999) ,
where K 0 is the permeability, and k r,l and k r,v are the relative permeabilities of the liquid and the vapor, respectively. To compare these forms and ours, we rearrange equations (8) and (9) into the form similar to equations (10) and (11) by solving them in terms of Q l and Q v as
whereK is the permeability matrix which is defined as (13) and µ eff is the effective viscosity of the two-phase fluid (scalar). The difference between the conventional equations (10) and (11) and our equations (12) is now clear. We prefer using K l , K v and L 0 to using relative permeabilities because of physical simplicity. The permeabilities K l and K v represent the frictions only between the liquid phase and wall rock, and the vapor phase and wall rock, respectively, and L 0 represents the friction between the liquid and vapor phases. On the other hand, relative permeabilities include various effects, and their physical meanings are obscure. Moreover, the relative permeability formulation (10) and (11) violates the law of action and reaction between the liquid and vapor phases, since the non-diagonal terms ofK should be nonzero as in equation (13) due to the force between the two phases. In addition, the relative permeability formulation is inconvenient for theoretical analyses; the limit of no relative velocity cannot be expressed easily under the action of gravity, although the limit may not be important in realistic situations. Thus we use equations (8) and (9), which are based on the force balance between the two phases, instead of equations (10) and (11).
We further simplify equations (8) and (9). First, we assume that the permeabilities and viscosities are constant and the same for the liquid and vapor, namely,
The approximations are adopted since we intend to make the system simple. The constant permeability means that the resistance between the liquid (vapor) and the wall is proportional to the liquid (vapor) fraction. In addition, the same permeabilities for the two phases mean that their mobilities are the same. The assumption of constant viscosities is justified because we mainly focus on the relative liquid-vapor separation which occurs in a narrow zone as we shall see in Section 4. Moreover, the phase separation occurs around the critical point of the NaCl-H 2 O system, where the differences of material properties between the two phases are small. An effect of variable viscosity will be discussed in Section 6.1. With these assumptions, we can rewrite equations (8) and (9) to obtain the expressions for the center-of-mass velocity v, and the relative velocity v l − v v as
Second, we assume that
which signifies that the second term in the square bracket in equation (14) is much smaller than the first term (e.g. more than an order of magnitude), and the first term of the denominator of the right hand side of equation (15) is much larger than the second term. This condition signifies that the liquid-vapor friction is larger than the wall frictions. As we shall see later in Section 4, we confirm that all of the calculations satisfy the condition (16). This approximation yields
We use these equations in our numerical simulations. Here the center-of-mass velocity and the relative velocity are clearly separated, and the separation enables us to interpret the numerical results in a simple way as we shall see later.
Since the density in the buoyancy terms is essential in this problem, we use accurate densities for ρ f , ρ l , and ρ v in equations (17) and (18). They are derived from the equation of state of Pitzer and his co-workers as described in Section 2.1.6. The expression for L 0 is discussed in Section 2.1.5.
Energy conservation
The energy conservation equations consist of three equations, because heat is transferred through the rock matrix as well as the vapor and liquid phases. We assume that the rock matrix does not deform. The energy conservation equation for the liquid phase is written as
the equation for the vapor phase is written as
and the equation for the rock matrix (solid phase) is written as
is the heat flux, e,(i→ j) (i, j = l, v, R, i = j) is the energy transfer from the i-th phase to the j-th phase, and
is the viscous dissipation for each phase. Here the subscripts l, v, and R denote the liquid phase, the vapor phase, and the rock matrix, respectively. In these equations, we assume that the temperatures of the three phases are the same. Note that the advection term does not appear in the equation for the rock matrix, because the rock matrix does not move or deform.
To use thermodynamic relationships, we represent the liquid and vapor equations in terms of the Lagrangian derivative of the entropy. The Lagrangian derivative is defined as
By using the mass conservation equations (1) and (2), the energy equations for the liquid and vapor phases (19) and (20) are modified as
where denotes the rate of phase change from vapor to liquid, and appears in equations (1) and (2). We also rewrite the equation for the solid phase in a similar way. If we assume that the porosity and the rock density are constant, we have (R→v) .
(25) We use the thermodynamic relationships
on equations (23) and (24), and
on equation (25), to change the dependent variable from the entropy to the temperature and pressure. Here α i (i = l, v, R) is the coefficient of thermal expansion for each phase, and c p,i (i = l, v, R) is the isobaric specific heat capacity for each phase. The equations become
and (R→l) . (30) Neglecting the adiabatic cooling and heating, and viscous dissipation, and assuming Fourier's law which expresses that the heat flux is proportional to the temperature gradient,
we can further simplify these equations. Here
is the heat conductivity for each phase. Equations (28), (29), and (30) become (R→l) .
(34) We neglected adiabatic cooling and heating in the energy conservation equations, because their effect on temperature is 10
• C at most (e.g. Lowell et al., 1995) . We also neglect viscous heating, because the kinetic energy is nearly zero for the permeable flow.
We add equations (32), (33), and (34) to obtain the mixture equation as
where s = s l − s v is the entropy difference between the liquid and vapor phases. Here the last term of the right-hand side represents the latent heat of phase change. When the chemical equilibrium is maintained, the entropy difference may be replaced by the enthalpy difference as, s = h/T . With the Boussinesq approximation, assuming that the porosity is constant, and that the heat capacities and the heat conductivities are constant and the same (c p,
, and neglecting the latent heat ( s = 0), we rewrite the mixture equation (35) as
where κ = λ 0 /(ρ 0 c p,0 ) is the thermal diffusivity. As a result of these simplifications, the energy equation (36) does not depend on the relative velocity between the two phases. We assume that the heat capacities are constant and we neglect the latent heat, because we intend to make the system simple, in accordance with the assumption of constant viscosities in the momentum conservation equations. The adequacy of these assumptions is discussed later in Section 6.4. We assume that the heat conductivity is constant, because the heat conduction mostly occurs through the rock when the porosity is small, and the heat conductivity of the rock does not vary much over the temperature and pressure ranges of hydrothermal systems, though the heat conductivity of water varies by about an order of magnitude with temperature and pressure (Haar et al., 1984) .
NaCl conservation
The NaCl conservation for the liquid phase is written as
where C l is the NaCl concentration in the liquid phase, C v is the NaCl concentration in the vapor phase, J D,l is the diffusive flux of NaCl in the liquid phase, J D,v is that in the vapor phase, and c represents the transfer of NaCl from vapor to liquid. Note that the NaCl concentration C i 's are defined as the mass of NaCl per unit mass of a phase
The mixture equation is obtained by adding equations (37) and (38) as
where the mean NaCl concentration of the two-phase fluid C is defined as
and the total flux of the material diffusion J D is defined as
We assume Fick's law for the diffusive flux,
where D is the coefficient of material diffusion. This equation signifies that the diffusive flux is proportional to the gradient of the mean NaCl concentration. With the Boussinesq approximation, constant porosity, and Fick's law, we can rewrite equation (39) as
(43) We assume that chemical equilibrium is realized between the two phases so that we directly obtain the NaCl concentrations of the two phases from the temperature and pressure by using the phase diagram. The mass fraction of the liquid phase ω l is related to the NaCl concentrations by the lever rule as
The NaCl concentrations of the liquid and vapor phases are derived from the phase diagram of Pitzer and his co-workers as we explain in Section 2.1.6.
Relative velocity
In Section 2.1.2, we have derived the approximation that the relative velocity between the liquid and vapor phases is proportional to the density difference. The next step is to determine the friction coefficient L 0 . We assume that it has the form similar to Stokes' law, namely, it is proportional to the fluid viscosity. This assumption is applicable when the Reynolds number based on the typical size of the geometry of the two-phase boundaries is less than the order of unity. Then the friction constant becomes
Here k is a coefficient which represents the magnitude of the friction between the two phases. It has a dimension of a square of length, and may be written as
Fig. 2. a) Density of NaCl-H 2 O two-component fluid is shown together with liquid-vapor co-existing curves in the NaCl concentration and temperature space for a pressure of 25 MPa, based on the theory of Pitzer and his co-workers (Pitzer et al., 1984; Anderko and Pitzer, 1993) . The vertical axis is the temperature in Celsius degree, and the horizontal axis is the logarithm of the NaCl concentration in wt%. The thick solid curves are the two-phase coexisting curves, which are the same as those in Fig. 1 . In the two-phase region, the mean density is calculated by the volume-weighted average of the two phases (see equation (5)). The blank area at low temperatures and high salinities is out of the range for which the equation of state is applicable. b) Same as a) but the pressure is 40 MPa.
where f is a non-dimensional factor which depends on the mode of relative separation, and a is a typical length scale of two-phase boundaries. The choice of a is arbitrary. When equation (45) holds, the relative velocity between the two phases (18) is represented as
In this study, we treat the coefficient k as a constant parameter, without specifying the mode of relative separation (see Section 3). This is because we intend to make the system simple, although in reality f is a complex function of the liquid volume fraction and the geometry of two-phase boundaries. An example of the factor f is given by classical Stokes' law (e.g. Batchelor, 1967) , when one phase occupies a small fraction, and forms spherical droplets or bubbles of the same size. If we take a as the radius of the spherical bodies, f is written as
where µ 1 is the viscosity of the phase which occupies a major fraction, and µ 2 is the viscosity of the phase which forms bubbles or droplets. When the viscosities of the two phases are the same,
Equation of state
The equation of state (density as a function of pressure, temperature, and salinity) and the liquid-vapor coexisting curve of the NaCl-H 2 O system are investigated in detail by Pitzer and his co-workers (Pitzer et al., 1984; Anderko and Pitzer, 1993) . We use their semiempirical equations to obtain the density and liquid-vapor coexisting conditions. We use Anderko and Pitzer's (1993) model for temperatures higher than 300
• C, Pitzer et al.'s (1984) for temperatures lower than 300
• C. Figure 1 shows the two-phase coexisting curves at various pressures. The co-existing curves show the NaCl concentrations of the liquid-like and vapor-like phases in equilibrium at each temperature and pressure. The curves are U-shaped when the pressure is larger than the critical pressure of pure water. The minimum temperature on a co-existing curve in the (C, T ) space is called the critical temperature. If the mean concentration C falls within the two-phase region, the region above the co-existing curve, the fluid separates into liquid-like and vapor-like phases. Seawater separates at a temperature close to the critical one in the pressure range of this study. Figure 2 shows the densities at pressures of 25 and 40 MPa. The property which is most important for our simulations is the increase in density with increasing temperature along the liquid-like branch of the co-existing curve. As we show later in Section 4, the concentration C runs along the liquid-like branch near the bottom of the calculation area. In this region, the effective thermal expansion becomes negative, because the density increases with temperature due to the increase of NaCl concentration along the liquid-like branch. The comparison of Figs. 2(a) and 2(b) shows that the pressure dependence of the co-existing curve is more conspicuous than the pressure dependence of the density.
In Figs. 1 and 2 , the precipitation of halite is neglected.
porous media Fig. 3 . Summary of the dimensional boundary conditions. Note that the top boundary conditions depend on the direction of the mean flow velocity. The height of the calculation area is denoted by d, and A is its aspect ratio, so that Ad is its width.
In Section 4, we shall confirm that the fluid does not enter the halite precipitation region on the phase diagram in the calculations of this study. We use two kinds of pressures, namely, the hydrostatic pressure p e , and the dynamic pressure, p. The hydrostatic pressure p e is used for calculating the equation of state (ρ l , ρ v , and ρ f ) and the two-phase co-existing curve (C l and C v ). The dynamic pressure p is used for calculating the equation of motion (17). The two pressures are independent. The hydrostatic pressure is defined as
Here ρ 0 is a typical density of the fluid, d is the height of the calculation area, d sf is the depth of the seafloor, g is the magnitude of the gravity acceleration, z is the vertical coordinate, taken upward positive, with z = 0 and d denoting the bottom and top of the calculation area, respectively (Fig. 3) . The top is the seafloor. We use 10 3 kg m −3 for ρ 0 , and 10 m s −2 for g. This approximation (50) is frequently used for calculations of incompressible fluids (e.g. Christensen, 1984) . The use of this relation is justified because dynamical effects of pressure on the calculation of material properties are small. Equation (50) shows that there is one-to-one relationship between the pressure and the depth for calculating the material properties. Thereby we can regard the equation of state and two-phase coexisting curve as functions of (z, T, C) instead of ( p, T, C). For instance, at the seafloor whose depth d sf is 2500 m, we use the phase diagram for a pressure of 25 MPa. Similarly, at the base whose depth is 4000 m, which corresponds to d = 1500 m, we use the phase diagram for a pressure of 40 MPa. Figure 3 illustrates the boundary conditions we adopt. The top boundary conditions are similar to those of Wilcock (1998) , and given as
Boundary conditions
where the subscript z denotes the vertical component, taken upward positive, p 0 denotes the dynamic pressure at the seafloor, and T sw and C sw are the temperature and NaCl concentration of seawater, respectively. The fluid which flows into the oceanic crust has the temperature and NaCl concentration of seawater. The fluid which flows out of the system keeps its temperature and NaCl concentration. The dynamic pressure is constant at the top boundary, where the fluid can flow in or out. The velocity is calculated to satisfy the boundary condition for the dynamic pressure. Note that adding a constant to the dynamic pressure p has no effects on the velocity field, because the dynamic pressure appears only in the pressure gradient term in the equation of motion. We do not use the dynamic pressure p for calculating the equation of state and the liquid-vapor co-existing curves, for which we use the hydrostatic pressure p e (see Section 2.1.6). Thus we may choose an arbitrary value for the dynamic pressure at the top boundary p 0 .
The bottom boundary is impermeable, and its temperature is constant:
where T bot is the bottom temperature. The bottom boundary condition for the NaCl concentration, which is equivalent to the condition of no material flux, is derived from equation (43) as
The derivation of this equation is as follows. We make use of a thin and planar volume straddling the bottom boundary. The top surface of the volume is in the porous media, and its bottom surface lies in the impermeable rock. Integrating the NaCl conservation equation (43) over this volume, we have
where the superscript (+) denotes the top surface of the volume, and the subscript (−) denotes its bottom surface. All the terms which have the subscript (−) vanish, because the bottom boundary is impermeable. The first term of the right hand side vanishes, because v z = 0 at the boundary. Thus, the boundary condition (54) becomes
The right hand side of equation (55) is negative because dense brine sinks to the bottom, and this should be balanced by upward diffusive flux. The side boundaries are adiabatic, impermeable, and do not allow salt to pass through:
Here the subscript x denotes the horizontal coordinate, and A is the aspect ratio of the calculation region, defined as the ratio of the width to the height.
Non-dimensionalization
Equations (7), (17), (36), (43) and (47) are nondimensionalized with the thickness of the porous media d as the length scale, the thermal conduction time d 2 /κ as the time scale, ρ 0 as the density scale, ρ 0 gK 0 /µ 0 as the velocity scale, ρ 0 gd as the pressure scale, and the temperature difference between the seawater and the bottom boundary (T bot − T sw ) as the temperature scale.
The time dependent non-dimensionalized equations are
where e z is the unit vector pointing upward. Note that this unit vector is related to the gravitational acceleration g as g = −ge z . Here we denote the non-dimensionalized variables with the same symbols as those of the corresponding dimensionalized variables.
as we described in Section 2.1.6. The non-dimensional numbers in these equations are defined as
and
Here the Rayleigh number Ra is the ratio of the time scale of the mean motion to the thermal diffusion time, is the ratio of the coefficient of the resistance between the two phases to the permeability (resistance between the fluid and the rock, in our definition), and 1/Le is called the inverse Lewis number, which is the ratio of material diffusion to thermal diffusion. The parameter controls the efficiency of phase separation. The larger the parameter is, the more effective the phase separation becomes. If 1, the flow becomes similar to simple one-phase convection.
It is to be noted that the definition of the Rayleigh number (62) is different from the conventional one (e.g. Nield and Bejan, 1999) . Here, the Rayleigh number is defined as Ra = ρ 0 gd K /µ 0 κ, in which the density is scaled by a typical density ρ 0 , whereas the conventional definition is Ra n = ρgd K /µ 0 κ, in which the density is scaled by the density difference between the densities at the upper and lower boundaries ρ. We use the former definition, because the densities at the upper and the lower boundaries are not constants in this calculation. For seawater, ρ/ρ 0 is of the order of unity, if we assume that ρ 0 = 10 3 kg m −3 and ρ = ρ sw − ρ cr 600 kg m −3 , with ρ sw = 1030 kg m −3
and ρ cr = 440 kg m −3 , where ρ cr is the density of seawater at the critical point. Hence the magnitudes of our Rayleigh number Ra and the conventional Rayleigh number Ra n are of the same order, Ra Ra n . Equations (60) and (61) are merged into
by using the relation (44). We solve equations (57), (58), (59), and (65), together with the equation of state and the liquid-vapor co-existing curve. Equations (58), (61) and (65) are applicable when the condition
is satisfied. It is the non-dimensionalized form of equation (16). We shall later confirm in Section 4 that the condition (66) is satisfied in our results.
The non-dimensionalized boundary conditions are
Although all the parameters and constants are nondimensionalized in the numerical calculations, we sometimes use dimensional values in the following sections for convenience of explanation.
Numerical Calculations
We calculate steady flow in a two-dimensional rectangular region. The vertical extent of the calculation area is from the seafloor to the brittle-ductile front. The depth of the seafloor from the sea surface is set at 2500 m, which is a typical depth of hydrothermal systems (e.g. Fornari and Embley, 1995) . The depth of the brittle-ductile front from the sea surface is set at 4000 m, which is taken from observations of the depth of seismic reflection at ridge axes (e.g. Sinton and Detrick, 1992 ). In the non-dimensional vertical coordinate, z = 1 represents the seafloor, and z = 0 represents the base of the calculation region.
The width of the calculation area is 750 m, which corresponds to the aspect ratio of A = 0.5. This value is chosen so that one circulation cell should appear. When A = 1.0 (square cell), two circulation cells appear in the steady state if Ra = 100 and = 10. We argue that one circulation cell would be enough for investigating steady state structure, because mid-ocean ridge hydrothermal circulation would basically have symmetric two-cell structure with an upwelling located around the crest. We fix the aspect ratio A in spite of its dependence on various parameters (e.g. Nield and Bejan, 1999), because our calculations are carried out over relatively narrow range of parameters as we explain later in this section.
The porosity of the rock matrix is set at a constant value 0.01, which is taken from observations of sheeted dike sequences in the oceanic crust (Nehlig and Juteau, 1988; Becker, 1989) . The pore space is filled with NaCl-H 2 O twocomponent fluids.
The value of T sw , C sw , and T bot for the boundary conditions (67) and (68) are set as follows. The temperature of seawater T sw is 0
• C in a dimensional value and 0 in a nondimensional value. The NaCl concentration of seawater C sw is 3.2 wt% (non-dimensional). The bottom temperature T bot , the temperature of brittle-ductile transition of rocks, is set at 600
• C in a dimensional value and 1 in a non-dimensional value. This value is within the range of the temperatures at the base of hydrothermal circulation, 500-800
• C, inferred from geological observations (Mével and Cannat, 1991) .
The hydrostatic pressure p e is defined as
where z is the non-dimensional height. It is used to calculate the equation of state (ρ l and ρ v ) and the liquid-vapor coexisting curve (C l and C v ). Note again that the hydrostatic pressure p e and the dynamic pressure p, used for calculating the equation of motion (58), are independent as we explained in Section 2.1.6. The non-dimensional parameters used for calculating dynamics are shown in Table 1 . The most important parameter is , since it controls the efficiency of phase separation. Large results in effective phase separation, and small results in a flow similar to one-phase convection. It can therefore be inferred that there will be two flow regimes: a flow with little phase separation and a flow with almost com- 
Ra
Rayleigh number 10 0 -10 9 a The depth of circulation d is estimated from observations of the depth of seismic reflection surfaces at ridge axes (Sinton and Detrick, 1992) . b The typical kinematic viscosity is taken from Haar et al. (1984) . c The thermal diffusivity should be that of rocks, because the heat is transferred mainly through rocks.
plete phase separation. There should be a transition at around some , for which the velocity of relative separation and the mean flow velocity become comparable, and that is where detailed investigation is required. We carry out numerical calculations for a wide range of to find that the transition between the two flow regimes occurs at around = 10 (see results in Section 4). Hence we show results for values from 5 to 20 in the following sections. The physical meaning of in terms of texture of rocks can be understood if we write as
by using equation (46) and Kozeny-Carman's relation (e.g. Bear, 1988) ,
where b is a typical width of the cracks. Here the crack width b is related to a typical grain size r m as b = r m φ/(1 − φ). If φ = 0.01 and f = 4/15 (see Section 2.1.5), the value = 10 is realized when a/b = 0.05. The phase separation becomes inefficient as a decreases because the drag between the two phases increases. On the other hand, large a results in effective phase separation. In reality, however, clogging will occur when a is comparable to b, but this effect is not included in equation (71) because surface tension, which is not explicitly considered in this formulation, is essential for clogging.
We choose the Rayleigh number Ra of 100 mainly for a computational reason. The numerical convergence is within 3% for this Rayleigh number, but we cannot obtain good numerical convergence for larger Rayleigh numbers. This Rayleigh number of 100 is about ten times the critical conventional Rayleigh number (Section 2.3) for simple onephase thermal convection (Nield and Bejan, 1999) ; the critical conventional Rayleigh number is π 2 , when the bottom boundary is impermeable and isothermal, and the top boundary has a constant pressure and a constant conductive heat flux.
The Rayleigh number estimated from physical properties of rocks and seawater can be as small as 1 or as large as 10 9 (Table 2 ). The uncertainty is mainly due to that of the permeability of the rock. The lowest estimated value of the permeability comes from off-axis drilled cores from various sites. For instance, in the Hole 504B, which is located to the south of the Costa Rica Rift, the permeability is measured to be 10 −14 m 2 for the extrusive basalt, and 10 −17 m 2 for the sheeted dike (Becker, 1989) . Similar estimates are reported from other sites (Fisher, 1998) . The Rayleigh number becomes 10 3 and 1 for these permeabilities, respectively. The Rayleigh number of 100, which we use for numerical calculations is similar to the estimate for the extrusive basalt. It corresponds to the permeability K 0 of 10 −15 m 2 . The highest value comes from the mineral-filled cracks in Samail ophiolite, Oman (Nehlig and Juteau, 1988; Nehlig, 1994) . The estimated permeabilities range from 10 −8 to 10 −11 m 2 for the sheeted dike sequence. The Rayleigh numbers for these permeabilities range from 10 6 to 10 9 . There are no data for extrusive basalts for the ophiolite.
We treat 1/Le as a constant and use the value of 1. Realistic values of the parameter 1/Le are also uncertain, but 1/Le has a constraint that it should not be much larger than the order of unity. If we take molecular diffusivities, it is less than unity (1-10 −3 , depending mainly on temperature; e.g. Lasaga, 1998 ). If we take effective diffusivities (hydrodynamic dispersion), it should be of the order of unity. We use the value of 1 because the diffusion expressed by equation (42) should be interpreted as hydrodynamic diffusion. Molecular diffusion cannot be expressed in that simple way for two-phase flow.
We use a staggered-grid finite difference method for numerical calculations. We use an evenly spaced numerical grid, with the number of the mesh cells being 128 in the horizontal direction and 256 in the vertical direction. Steady state solutions are obtained by time-marching; we start calculations with a diffusive solution, and proceed until the horizontally averaged NaCl concentration at z = 1 (exactly defined by equation (74), explained later in Section 4) and the Nusselt number converge within 10 −9 between two time steps. This condition is sufficient, since the step is about 2 × 10 −6 , which is restricted by thermal conduction, and that the convergence level of 10 −9 means that the quantities converge within 0.5% in unit nondimensional time.
The non-linear advection terms in the energy equation (59) and NaCl conservation (65) equation are solved as follows. The center of mass advection terms in both equations are solved with the first-order skew-upwind scheme (Raithby, 1976) . This method prevents numerical diffusion normal to To represent the small difference of the concentration, we made the increment of the color palette narrow for the fluids of 0 to 5 wt% NaCl, and very broad for 5 to 100 wt% NaCl. The purple color denotes concentrations close to that of seawater, from 3.19 to 3.21 wt% NaCl. The upper figure shows the NaCl concentration of the hydrothermal fluid at the seafloor. c) Liquid mass fraction (ω l ). The black arrows represent the relative velocity between the two-phases. The white area is the one-phase region.
the flow direction. This feature is suitable for our calculations, in which the gradient of NaCl concentration is approximately perpendicular to the flow direction. The relative advection term in the NaCl conservation equation (65) is solved by the TVD method with the min-mod function (e.g. Koshizuka, 1997) . We use this high-order method because the direction of the relative separation is almost parallel to that of the steepest NaCl gradient. The upstream direction of this term is judged from the sign of (ω l − 0.5), because the relative advection term may be rewritten as
if C l , C v , ρ l and ρ v are constant. Although these quantities are not constant in our calculations, this criterion is good enough for our calculations.
We confirm that the numerical convergence is within 3% for between 5 and 20 and for Ra of 100, by changing the number of numerical grid points. The method for evaluating convergence is based on Blankenbach et al. (1989) . We carry out numerical calculations for a few choices of numerical grids, and extrapolate the Nusselt number, mean temperature, and the thickness of the stagnant layer, to the limit of infinitesimal mesh width. Our results for 128 × 256 mesh is within 3% of this limit values. The convergence is worse for out of this range, and its reason is explained at the end of Section 4. Figure 4 shows a typical result of the calculations. The parameter values are Ra = 100, = 10, and 1/Le = 1. A two-layer structure is formed. The upper and lower layers can be defined in terms of streamlines. The boundary between the two layers is the streamline which connects the left and right side boundaries, so that the mean flow described by the center-of-mass velocity v does not cross it. Material is exchanged through the boundary either by diffusion or by the relative motion between the two phases. In the upper layer, circulation is vigorous, and we call it the convection layer. In the lower layer, the flow is almost stagnant, and we call it the stagnant layer. The stagnant lower layer is in contrast with Bischoff and Rosenbauer (1989) 's view of a convective lower brine layer, which is presupposed in several later studies (e.g. Lowell and Germanovich, 1997; . It is stagnant because the mean NaCl concentration C runs almost along the liquidlike branch of the coexisting curve (Fig. 5) , and the density of the liquid-like phase ρ l (z, T ) increases with temperature along the curve due to the increase of NaCl concentration. boundary (thick dotted curve) and the right upwelling boundary (thick solid curve) of the calculation area. The vertical axis is the temperature in Celsius degree, and the horizontal axis is the logarithm of NaCl concentration in wt%. The blue curves signify one-phase fluid, and the green curves signify two-phase fluid. The filled circle and square denote (C, T ) at the boundaries between the convection and the stagnant layers. The two-phase co-existing curves for depths of 2500, 3000, 3500 and 4000 m (corresponding to pressures of 25, 30, 35 and 40 MPa, respectively), which are the same as in Fig. 1 , are shown.
Results
The brine layer becomes denser downward, and hence stable stratification results. In the convection layer, seawater flows in from the seafloor, is heated at depth, and returns back up to the sea. The NaCl concentration of the fluid is almost the same as that of seawater (Fig. 5) , because most streamlines do not pass through the two-phase region.
A transition zone is formed near the boundary between the two layers, where the liquid mass fraction has a steep vertical gradient (Fig. 4(c) ). The zone consists of both the bottom part of the convection layer and the uppermost part of the stagnant layer. It is where both dilute and dense fluids coexist and separate because of their density difference. The transition zone is thicker in the upwelling area than in the downwelling area. The steep vertical gradient of the salt concentration is established by the balance among the advection due to the mean flow, the downward transport due to the relative velocity, and compositional diffusion. The temperature in the transition zone is about 450
• C. It is close to the boiling or condensation temperature of seawater (Fig. 5) , the temperature at which a fluid with seawater salinity crosses the two-phase boundary as temperature rises.
In the stagnant layer, circulation is absent, because a stable density stratification is established. This stagnant layer consists of brine-rich two-phase fluids, except for a small one-phase brine area beneath the downwelling of the upper convection layer (the undotted area to which the black arrow points in Fig. 4) . The NaCl concentrations in the stagnant layer lie close to the liquid-like branch of the two-phase coexisting curve (Fig. 5) . This results from the balance of salt transport by the relative velocity between the two phases and boundary (thick dotted curve) and the right upwelling boundary (thick solid curve) of the calculation area. The parameters for the calculation are Ra = 100, = 10, and 1/Le = 1. The vertical axis is the depth from the sea surface in meter, and the horizontal axis is the temperature in Celsius degree. The thin solid line shows the conductive temperature profile, and the thin dash-dotted line shows the conductive profile with the thermal conductivity being half. The thick dotted curve represents the vapor-halite-liquid triple point (Palliser and McKibbin, 1998a) . Halite precipitates if the temperature of the fluid is higher than this curve. The meaning of the other symbols, colors and patterns of the curves are the same as those in Fig. 5. compositional diffusion (see Section 5 for details). Since diffusion is weak, salt transport by the relative velocity should be small, and this is accomplished by small vapor fractions, which make this region almost one-phase brine. The average NaCl concentration is about twenty times that of seawater. Since advection of heat is small in the stagnant layer, the temperature distribution is diffusive, and almost linear with depth (Fig. 6 ). This layer acts as a thermal insulator and reduces heat transport compared with one-phase convection. Table 1 shows that the Nusselt number N u, which is the ratio of the calculated heat flux to the heat flux that the system would give if there were no convection, is reduced to about half of the value for single phase convection ( = 0). We shall discuss some implications of this effect for real systems in Section 6.2.
The NaCl concentration of the hydrothermal fluid at the seafloor is controlled by the structure of the transition zone between the two layers. The competition between the advection by the center-of-mass velocity and the relative motion of the two phases determines the NaCl concentrations of outgoing fluids. Saline fluids flow out near the ridge axis, because their streamlines pass through deep parts of the transition zone, where the water is more saline than seawater. Dilute fluids discharge more than about 100 m away from the axis, because their streamlines pass through shallower parts of the transition zone, where downward removal of dense brine makes the water less saline than seawater (Fig. 4) . The weighted horizontally averaged NaCl concentration
in the steady state is the same as that of seawater, if there is no sink or source of the solute in the deep crust, and if compositional diffusion can be neglected at the seafloor, because the total mass of the solute should be conserved. To further investigate the competition between the relative motion and the mean motion, we perform calculations for two other values of the most relevant parameter , 5 and 20, with Ra and 1/Le fixed to the standard values of 100 and 1, respectively (Table 1, Figs. 7 and 8) . The parameter is a measure of the efficiency of phase separation.
Comparison of these results (Fig. 9) shows that the thickness of the transition zone decreases as increases (phase separation becomes more effective). The thickness can be measured by the separation between the top of the two-phase region and the streamline that connects the left and right side boundaries.
∼ 10 marks the transition between two flow regimes: a flow with little phase separation and a flow with almost complete phase separation. This is most notably seen in the range of NaCl concentration on the seafloor C, because it is controlled by the efficiency of phase separation. For = 5, hydrothermal fluids have NaCl concentrations ranging from 2.5 to 4.4 wt% NaCl. This difference decreases as increases ( Fig. 10(a) ), and almost vanishes when = 20, Since the transition zone is thin for large , the number of streamlines that pass through the zone is small, and this gives rise to the decrease in the range of the salinity on the seafloor. In other words, dense brine sinks effectively and cannot rise to the surface.
The reason ∼ 10 marks the transition can be understood in terms of the ratio between the magnitude of the relative velocity v and that of the mean flow velocity v in the transition zone. When this ratio is larger than the order of unity, relative separation occurs effectively, and this leads to complete separation of the convection and stagnant layers. From equations (58) and (61), we have
where α is the thermal expansion coefficient, T is the typical temperature difference and ρ = ρ l −ρ v is the typical density difference between the two phases in the transition zone, respectively. The condition v/v ≥ 1 is satisfied when ≥ 12, since T 450 K, ρ l = 780 kg m −3 , and ρ v = 250 kg m −3 at 3750 m and 450
• C (the (z, C) condition of the transition zone), with α 10 −4 K −1 , ρ 0 = 10 3 kg m −3 , and φ = 0.01. Figure 10 show that the separation of the two layers is almost complete when = 20, in accordance with this estimation. Table 1 and Fig. 10 show the variations of various quantities with . Increasing results in the increase in the mean thickness of the brine layer δ, and the decreases in the heat flux N u, the range of the NaCl concentration at the seafloor C (Fig. 10(a) , and the maximum temperature at the seafloor T max (Fig. 10(b) . Since the dependence of C on is already explained before, we examine the other quantities below. The vigor of convection depends on . Convection becomes vigorous as decreases. This can be seen in Figs. 7 and 8 or from the Nusselt number N u (Table 1) , because a large Nusselt number implies strong convection. Large results in effective phase separation and effective thermal insulation by the stagnant layer, and hence weakens convection.
The strength of convection is in turn related to the mean thickness of the lower layer δ. The temperature at the top of the stagnant layer is almost the same as the condensation temperature T cs (Fig. 5) . It follows that dT dz
in the stagnant layer (this equation has a dimension). Hence the Nusselt number, the dimensionless heat flux, which represents the strength of convection, becomes
Note that we use d and T bot − T sw as the length and temperature scales, respectively. From equation (77), we see that the mean thickness of the layer δ decreases as decreases and N u increases.
The maximum temperature at the seafloor T max depends weakly on (Fig. 10(b) ), because the bottom temperature of the convection layer is almost the same as the condensation temperature of seawater (Fig. 5) irrespective of . The weak dependence can be explained in terms of the strength of convection. When convection is strong, the smearing effect of diffusion is weak, and a high maximum temperature results. To summarize, as decreases, convection becomes vigorous, and this gives rise to the decrease in δ, and the increases in N u and T max .
Next, we investigate the changes of the results in response to small changes in Ra, and 1/Le in order to obtain a better understanding of the system (Table 3) . We perturbed the parameters by ±10% around the reference state for which Ra = 100, = 10, and 1/Le = 1. Increasing Ra results in the decrease in the mean thickness of the brine layer δ, and the increase in the heat flux N u, the maximum temperature at the seafloor T max , and the difference of NaCl concentration at the seafloor C = C max − C min . This trend is opposite to increasing . This is because increasing Ra makes convection more vigorous and reduces the relative importance of phase separation. Explanations of the effect of changing are given above. Varying 1/Le does not affect the results much, but increasing 1/Le produces the same trend as in the case of decreasing . The increase in 1/Le means enhanced compositional diffusion, and it reduces the relative importance of phase separation.
We confirm the validity of the assumptions in the calculations, namely, the condition (66) and the neglect of halite precipitation. First, we confirm that the condition (66), which is necessary for equations (58) and (61) to be valid, is satisfied in all the calculations. This condition holds because the phase separation occurs mainly near the critical temperature, where the density difference between the two phases is small. The densities of the liquid and vapor phases are ρ l = 530 kg m −3 and ρ v = 280 kg m −3 at the top of the stagnant layer, whose (z, T ) condition is 3750 m (37.5 MPa) and 450
• C. The liquid mass fraction ω l is 0.5 around there. Thus, the condition (66) becomes
since
Our calculations ( =5-20) satisfy the condition (78), because the porosity φ is set at 0.01. Second, halite does not precipitate in the steady state in the temperature and pressure (depth) ranges of this study, although we do not explicitly include halite precipitation in our calculations. One type of halite precipitation, in which the temperature of the liquid-vapor two-phase fluid exceeds the liquid-vapor-halite triple point, does not occur, since the fluid does not enter the vapor-halite region (Fig. 6) . The other type of halite precipitation, in which the NaCl concentration of the fluid becomes larger than that of the solubility of NaCl, does not occur, either. This is because NaCl concentrations of the fluid in the stagnant layer lie very close to the liquidlike branch of the co-existing curve, and the concentration on the liquid-like branch is less than that of halite saturation for a given pressure and temperature.
Finally, we explain the dependence of the numerical convergence on the parameter . As we explained in Section 3, the convergence is less than 3% for between 5 and 20, and worsens for larger or smaller . This behavior is due to the structure of the transition zone. The zone becomes thin as increases. Since the thinnest part of the transition zone contains only five numerical grid points for = 20, larger produces large numerical errors. For smaller than 5, the transition zone becomes inclined to the horizontal. Because inclined steep gradient produces large numerical errors for finite difference schemes with Cartesian grids, small produces large numerical errors. It should however be noted that the qualitative behavior for 10 or 10 can be inferred easily from the results for = O(10). As increases from about 10, the separation of the two layers should become complete. The range of salinities of the vent fluids vanishes for 10 because of effective phase separation (see Fig. 10 ). As decreases from about 10, the thickness of the lower layer should decrease. The range of vent-fluid salinities should first increase, then decrease with decreasing , and becomes zero when = 0 (one-phase convection; salinity becomes uniform with the seawater value). It thus should have a maximum at some value of (< 5).
Structure of the Stagnant Layer
We perform vertical one-dimensional steady-state calculations to examine the structure of the lower stagnant layer, which we have found by two-dimensional calculations. Density stratification is stable in the stagnant layer. The fluids are mainly in the two-phase region, and their mean NaCl concentrations C lie along the liquid-like branch of the two-phase co-existing curve. We examine how this salinity distribution is formed in this section. One-dimensional analysis is particularly useful for this region, because the advection by the center-of-mass velocity v is small. Bai et al. (2003) qualitatively discussed the balance of NaCl transfer in the bottom brine layer for their one-dimensional pipe model. Our analysis here extends their discussion quantitatively.
The steady-state one-dimensional basic equations are obtained from the two-dimensional equations (57), (58), (59) and (65) by letting v = 0 because the lower layer is stagnant. Accordingly, the same approximations as those for the twodimensional systems are used. The equations are written as
where B is defined as
The parameter B is the ratio of the timescale of compositional diffusion d 2 /D to that of the relative separation between the two phases dµ 0 /ρ 0 gk, and is the only one parameter in the one-dimensional system. A large B results in effective relative separation of the two phases. Here, ρ l , ρ v , C l , and C v in equation (81) are expressed as functions of temperature and depth as we explained in Section 2.1.6. Note that the liquid-phase velocity v l, z (z) and the vapor-phase velocity v v, z (z) are non-zero (see equation (4), the definition of the center-of-mass velocity), although the center-of-mass velocity v z (z) is zero. We solve these equations in the twophase stagnant layer and the one-phase region just above the stagnant layer where the center-of-mass velocity v is small. Equation (80) implies that the temperature field has a constant gradient. Heat is transfered only by conduction and advective heat transport is negligible. From equation (80), we have
where T bot is the non-dimensional temperature at the brittleductile front (z = 0), and F is the non-dimensionalized temperature gradient. Here F = 1 signifies the conductive gradient when the flow is absent in the whole region. We assume that F = 1.5 in the following one-dimensional calculations. This value is taken from the result of the two-dimensional calculation for Ra = 100, 1/Le = 1 and = 10 (Fig. 6 ).
We integrate equation (81) to obtain
which means that the NaCl concentration is maintained by the balance between downward salt transport and upward salt diffusion, as Bai et al. (2003) pointed out. We use the boundary condition (55) at z = 0 to find that the constant in equation (84) is 0. The upper boundary condition we adopt for solving equation (84) is
This means that the NaCl concentration in the one-phase region far above the stagnant layer is the same as that of seawater. This results from equation (84) because the right hand side is zero in a one-phase region. This boundary condition (85) is justified by effective convective mixing in the upper layer, where the salinity is almost uniform at the seawater value in our two-dimensional calculations (e.g. Fig. 4 ). We numerically integrate equation (84) from the seafloor z = 1 to the base z = 0 for B of 0, 5, 10, 20, 50, 100, and 1000, to obtain one-dimensional profiles of the NaCl concentration of the fluid. The results are shown in Fig. 11 . The NaCl concentration is shown as functions of depth and temperature. Since the temperature gradient is constant, the spatial gradient of the NaCl concentration ( Fig. 11(a) ) and the gradient of the temperature-concentration curve (Fig. 11(b) ) are proportional, namely,
The thickness of the stagnant layer is about 250 m, which is easily explained by using equation (83). The thickness is approximately given by the height at which the temperature is the condensation temperature of seawater T cs , as It becomes about (4F) −1 , because the condensation temperature of seawater T cs is about 450
• C in a dimensional value and 3/4 in a non-dimensional value, and the bottom temperature T bot is 600
• C in a dimensional value and 1 in a nondimensional value. When F = 1.5, the thickness δ is about 0.17, which is about 250 m in a dimensional value.
Profiles of the NaCl concentration for B 1 may be explained as follows. The NaCl concentration of the fluid is the same as that of seawater in the one-phase region and at the top of the two-phase region, where ω l = 0, and increases with depth in the two-phase region (dC/dz < 0), because the right hand side of equation (84) is always negative. The change in the gradient of NaCl concentration is explained by the right hand side of equation (84) being proportional to ω l (1 − ω l ). For a given pressure and temperature (depth), the gradient of NaCl concentration of the fluid is maximum at ω l = 0.5, and decreases as the NaCl concentration of the fluid approaches the two-phase co-existing curve, ω l = 1 or ω l = 0. Therefore, from the top of the two-phase region, the absolute value of the NaCl gradient first increases with depth, becomes maximum near a depth where ω l = 0.5, and then decreases with depth. At the bottom, the NaCl concentration of the fluid comes close to the liquid-like branch of the twophase co-existing curve, ω l = 0.
The density stratification is stable in the two-phase region. This is because the NaCl concentrations of the fluid in this layer lie close to the liquid-like branch of the two-phase coexisting curve, and the density along this curve increases with temperature (Fig. 2) .
We now examine the B-dependence of the results. In the one-dimensional calculations, the NaCl concentration curve approaches the liquid-like branch of the two-phase coexisting curve, as B increases (Fig. 11(b) ). This can be understood by examining the basic equation (84). We use equation (44) to rewrite (84) as
If C l , C v , ρ l , and ρ v are constants, equation (88) has an analytical solution
where γ is a constant. This solution shows that the NaCl concentration of the fluid approaches the liquid-like branch of the two-phase co-existing curve (C → C l ) with depth (as z decreases), and that the rate of the approach increases with B and (ρ l − ρ v ).
We compare the two-dimensional calculation for Ra = 100, 1/Le = 1 and = 10 (Figs. 4 and 5), with the onedimensional result for B = 1000 (Fig. 12) . Note that the comparison is meaningful only in the stagnant layer, where the two-dimensional center-of-mass velocity is negligible. In  Fig. 12 , the plots of the two-dimensional result are the profiles of temperature, NaCl concentration, and density along the central line, x = A/2. We find that the plots of onedimensional and two-dimensional results ( Fig. 12(a)-(c) ) agree well in the stagnant layer. The agreement of the temperature profiles (Fig. 12(d) ) is a matter of course, because the temperature gradient F = 1.5 in the one-dimensional calculation is chosen so that it should agree with that in the stagnant layer in the two-dimensional calculation. The agreement of the NaCl concentration profiles confirms that upward compositional diffusion and the downward salt transport by the relative separation are almost balanced.
Discussion
Temperature of the vent fluid
The stability of the maximum temperatures of black smokers at around 350
• C (e.g. Wilcock, 1998 ) is one of the reasons that Bischoff and Rosenbauer (1989) proposed the model of two-layer circulation. If phase separation occurs, the vent temperature is determined by the phase separation temperature. Many other mechanisms have been proposed to explain the temperature: (1) brittle-ductile transition of the oceanic crust (Fournier, 1987) , (2) silica and NaCl concentration, c) depth against density, and d) depth against temperature. The parameters used in the calculations are Ra = 100, = 10, and 1/Le = 1 (B = 1000). The thin black dotted curves in a) signify the two-phase co-existing curves, which are the same as those in Fig. 5 . The thick dotted curves are the result of the one-dimensional calculation for a non-dimensionalized temperature gradient F of 1.5. The colored solid curves signify the two-dimensional result along x = 0.25 (the center of the calculation area). The one-and two-dimensional results are almost identical in the two-phase region and in the one-phase region just above the two-phase region. The meanings of the other colors and symbols are the same as those in Fig. 5 .
anhydrite precipitation in the pore space (Martin and Lowell, 2000; Fontaine et al., 2001) , (3) large changes of physical properties of water around the critical point (Wilcock, 1998; Jupp and Schultz, 2000) , and (4) the development of a two-layer structure by phase separation (Bischoff and Rosenbauer, 1989) . Among the four mechanisms, (2)-(4) are related to the properties of water around the critical point. Therefore, these effects can not be separated. In our model, the effects of (4) and part of (3) are included. From our calculations, we confirm that the temperature at the bottom of the upper layer becomes close to the condensation temperature of seawater, 450
• C (see Fig. 5 ). This is because efficient phase separation and vigorous convection make the upper layer compositionally uniform at the NaCl concentration of seawater. This result vindicates the importance of the mechanism (4). The vent temperature consequently becomes the condensation temperature of seawater at most. For the calculations of this study (Ra = 100, = 5-20, 1/Le = 1), the maximum venting temperature is around 200
• C. The temperature drop from the phase separation temperature is due to thermal diffusion. As shown in Table 3 , the maximum temperature depends most notably on the Rayleigh number Ra, which is the ratio of the timescale of the heat advection by the center-of-mass velocity v to that of thermal diffusion. This shows the importance of thermal diffusion on the temperature distribution. Higher Rayleigh number would lead to higher vent temperature.
The effect of (3) is to concentrate the upflow and to produce higher vent temperature. The critical properties of water change markedly around the critical point of water: the thermal conductivity drops sharply with increasing temperature, the kinematic viscosity exhibits a minimum, and the heat capacity shows a maximum near the critical point (Haar et al., 1984) . Wilcock (1998) showed that all these properties tend to decrease the temperature difference between the bottom of the circulation layer and the vent fluid. He demonstrated that the vent temperature is about 0.5-0.65 times the bottom temperature when these properties are included, a The solution used as a standard is for the parameters of Ra = 100, = 10, and 1/Le = 1. The magnitudes of the perturbations for Ra, , and 1/Le are ±10%.
whereas it is less than 0.5 times the bottom temperature when these effects are absent. If we apply this relationship to our calculations with the bottom temperature of 430
• C and the multiplication factor of 0.65, the maximum vent temperature becomes 280
• C (= 430 • C ×0.65), about 80
• C higher than our results.
Heat efficiency
Here we first show that hydrothermal heat transport at mid-ocean ridges is lower than what is expected for one phase convection. We then argue that this suppression is due to two-layer structure found in our study, but quantitatively this effect may not be enough to explain observations. First we compare heat transport for one-phase convection and the heat flow at mid-ocean ridges, and show that the latter is considerably lower than the former. For onephase porous media with isothermal top and bottom boundaries, the relationship between the Nusselt number and the Rayleigh number is given experimentally by Elder (1967) as
where Ra n is the conventional Rayleigh number defined in Section 2.3. Cherkaoui and Wilcock (1999) 
where the power depends on the mode of convection. We use the former relationship (90), because the Rayleigh numbers used in the latter study were not high enough to ensure an asymptotic relation. Equation (90) yields the estimate of the Nusselt number in the range from 10 4.5 to 10 7.5 for the range of the Rayleigh number around blacksmoker fields which is probably between 10 6 -10 9 as we explain below. On the other hand, the Nusselt number N u estimated from the observations of heat flux around the ridge axis ranges from 10 to 10 3 as we explain below. Therefore, the heat flux at mid-ocean ridges is suppressed compared with one-phase thermal convection.
The Nusselt number is estimated from the observed heat flux as follows. The heat flow of a hydrothermal vent field is about 10-10 3 MW (Lowell et al., 1995) , and the area of a vent field is about 10 6 m 2 (Lowell et al., 1995) . This gives the heat flow density of about 10-10 3 Wm −2 . The conductive heat flux is estimated as 1 Wm −2 from the expression λ T / z, where we use the heat conductivity of the rock λ = 2.5 Wm −1 K −1 , the temperature difference T = 600 K, and the height of circulation z = 1500 m. These values give the estimate of the Nusselt number to be 10-10 3 . Estimates of the Rayleigh number from observed quantities have large uncertainties. In Section 3 (Table 2) , we estimated that the Rayleigh number is between 10 0 and 10 9 , because permeabilities estimated from observations range from 10 −8 m 2 to 10 −17 m 2 (Nehlig and Juteau, 1988; Becker, 1989) . The low permeabilities of 10 −17 -10 −14 m 2 come from the off-axis drilled core from the Hole 504B (Becker, 1989) . We argue that these values are too small for the onaxis permeability because off-axis fractures would already have been filled with secondary minerals. On the other hand, the high permeabilities of 10 −11 -10 −8 m 2 come from the observation of the Samail ophiolite (Nehlig and Juteau, 1988; Nehlig, 1994) , which would represent on-axis remains of hydrothermal circulation. Thus we believe that the Rayleigh number of 10 6 -10 9 is appropriate for on-axis circulation. Next we consider the mechanism of this heat flow suppression. A stagnant brine layer found in this study is one of the candidate, but many other mechanisms can lower the heat flow. For example, (1) two-layer convection (Bischoff and Rosenbauer, 1989) , (2) double-diffusive convection of correlated temperature-salinity fluids (e.g. , and (3) precipitation of anhydrite and/or silica minerals in the pore space.
Here we discuss implications of our results in terms of heat efficiency. We have shown that the heat flux is suppressed for two-layer convection. However, the difference in heat flux between one-layer and two-layer convection in our calculations is much smaller that that estimated from observations and from equation (90). The latter is three or four orders of magnitude, while the former is only a factor of two for the parameters we used (compare the Nusselt numbers for = 0 and = 10 in Table 1 ). Calculations with wider ranges of the parameters Ra, , and 1/Le, would be necessary to clarify how much heat transport is suppressed by phase separation.
Spatial variation of the salinity in a vent field
From our calculations, fluids with different salinities are expected in one vent field (Fig. 10) . Fluids which vent near the ridge axis will have salinities higher than those of seawater, whereas fluids which vent more than about 100 m away from the axis will have salinities lower than those of seawater. In a steady state, the mean salinity of vent fluids should be the same as that of seawater, and high salinity fluids should be balanced by low salinity fluids. However, observed salinities of a vent field are either higher or lower than that of seawater in most cases (e.g. Von Damm, 1995) . This would be because most fluid samples are collected at strong upflow regions.
Exceptions were found at ASHES vent field (Butterfield et al., 1990) , and at EPR 21
• S, (Von Damm et al., 2003) , where salinities both higher and lower than that of seawater were observed in one vent field. Butterfield et al. (1990) interpreted this phenomenon as due to phase separation in a crack along the caldera wall. On the other hand, Von Damm et al. (2003) interpreted that phase separation occurs within the sulfide structure, since no water-rock interaction after the phase separation is evidenced by their chemical analysis of major elements in the fluids. These interpretations are similar to our results in that the salinity variation is caused by phase separation in circulation, and does not require temporal variation.
It is to be noted again that there should be a counterpart for fluids whose salinities are different from that of seawater. The counterpart can emerge as temporal changes or spatial changes as in our calculations, or may not be observed if the counterpart is hidden deep in the crust. Without observations over broad areas including off-axis fluids, it cannot be concluded which is the case. However, the stability of compositions of many vent fluids (e.g. Von Damm, 1995) implies that many vent fields are in a steady state. This, with our results, suggests that there should be discharge with counterpart compositions somewhere off-axis. 6.4 Effects of the latent heat of condensation and the heat capacity difference between the two-phases First we discuss the effect of the latent heat of condensation on the steady-state temperature structure of the twophase region. The non-dimensional latent heat of condensation, which is the second term of the right hand side of the energy conservation equation (35), is written as
using the Boussinesq approximation. Here, L = h/(c p T ) ≤ 0 is the non-dimensionalized latent heat of condensation. In the temperature and pressure (depth) range of this study, |L| is at most 0.3, since c p = 5 × 10 3 J kg −1 K −1 , | h| ≤ 2 × 10 6 J kg −1 K −1 (Palliser and McKibbin, 1998b) , and T = 600 K. Equation (92) shows that the latent heat affects the energy balance in the region where the liquid mass fraction ω l varies.
We argue that latent heat would be a secondary effect in the steady state. In our calculations, the spatial variation of the liquid mass fraction ω l is large in the thin transition zone above the stagnant layer (e.g. Fig. 4 ). Since both condensation (exothermic) and vaporization (endothermic) processes occur within this thin zone, the effect of latent heat on the total heat budget should be small. Moreover, (C, T ) conditions in the transition zone are close to the critical point of the NaCl-H 2 O system (Fig. 5) , around which the latent heat h is small (Palliser and McKibbin, 1998b) . This also makes the contribution of latent heat small.
Next we discuss the effect of the heat capacity difference between the liquid and vapor phases. The difference may be important because the relative motion of the two phases transports heat when the two heat capacities are different. The effect is expressed by the last term of the left-hand side of the equation (35). The term is rewritten in a nondimensionalized form as φ Ra (c p,l − c p,v 
Here (c p,l − c p,v ) is the non-dimensionalized heat capacity difference, which is usually negative. We estimate that (c p,l − c p,v ) −3 by taking the maximum and the minimum heat capacity of pure water (Haar et al., 1984) at typical pressure and temperature conditions around the transition zone (35 MPa and 450
• C), if it is non-dimensionalized by the heat capacity at ambient temperatures (4 kJ K −1 kg −1 ). We argue that the effect of the heat capacity difference between the two phases on the temperature field is small. The one-dimensional energy equation becomes
in a non-dimensional form if we neglect the advection by the mean flow. Assuming that the coefficient of dT /dz is a constant, this equation is integrated as
where F is the temperature gradient without the heat transport due to the relative motion, and is about 1.5 as we explained in Section 5. The coefficient of T in the first term of the right-hand side is 4 at most, for φ = 0.01, Ra = 100, and = 20, which are used in the calculation, and ρ l − ρ v = 0.25 and ω l = 0.5, which are typical values around the transition zone. The temperature T is unity at most, and thus the effect of the heat transport due to the heat capacity difference on the temperature gradient can be large, and may lead to positive temperature gradient. However, this does not affect the temperature much, because the transition zone, where relative motion exists, is narrow with the width of about 0.05 in our calculations.
Conclusion
We numerically investigate mid-ocean ridge hydrothermal circulation, with emphasis on dynamical effects of the phase separation of seawater. The phase separation of seawater is found to be crucial in determining the temperature and NaCl concentration of the vent fluid, and the heat efficiency of circulation. The phase separation results in a two-layer structure with an upper convection layer and a lower saline stagnant layer. The key quantity that governs the structure is the ratio of the magnitude of the relative velocity between the liquid and vapor phases to that of the mean flow velocity. When this ratio is less than unity, the development of the brine layer is incomplete. When it is more than unity, the separation of the two layers is almost complete. Vent fluids both more and less saline than seawater are formed. They are more saline near the ridge axis, and less saline in the area more than about 100 m away from the axis. The heat source two-phase region stagnant layer convection layer Fig. 13 . Schematic picture of mid-ocean ridge hydrothermal circulation inferred from our calculations. The ridge axis is perpendicular to this figure. The circulation is prevented from penetrating into the heat source area due to the formation of the stagnant layer.
salinity contrast decreases as the ratio of the relative velocity to the mean velocity increases in the parameter range of this study. When this ratio is much more than unity, the salinity contrast vanishes because the separation of the two layers becomes so complete that brine cannot be entrained in upwelling fluids. Figure 13 illustrates our view of mid-ocean ridge hydrothermal circulation including the phase separation of seawater. This picture is different from Bischoff and Rosenbauer (1989) 's in that the lower layer is stagnant. Our model provides a consistent picture of hydrothermal circulation with phase separation. The validity of our model can be tested by measuring salinities of off-axis discharge fluids, which are expected to be counterparts of saline onaxis fluids. Although compositions of off-axis fluids are difficult to measure, they carry valuable information about the total budget of heat and materials.
